Native Architecture Encodes Cooperativity and Specificity in RNA Folding Intermediates  by Behrouzi, Reza & Woodson, Sarah A.
Wednesday, February 29, 2012 645aAn RNA kissing-loop from the Moloney Murine Leukemia Virus (MMLV)
exhibits unusual mechanical stability despite having only two intermolecular
base-pairs. Mutations at this junction have been shown to destabilize genome
dimerization, with concomitant reductions in viral packaging efficiency and
infectivity rates. Optical tweezers experiments have shown that it requires
as much force to break the MMLV kissing-loop complex as is required to
unfold an entire 11 base-pair RNA hairpin (Li PTX, Bustamante C, Tinoco
I (2006) P.N.A.S. 103:15847). Using non-equilibrium all-atom molecular
dynamics simulations, we have developed a detailed model for the kinetic in-
termediates of the force-induced dissociation of the MMLV kissing-loop. 208
dissociation events were simulated under constant applied external force, for
a total of ~16 ms simulation time. These events are combined to construct
a Markov state model for kissing-loop dissociation, which is capable of pre-
dicting overall dissociation rates on timescales longer than were actually sim-
ulated. We find that the complex undergoes a conformational rearrangement
which distributes the applied force in parallel among multiple intermolecular
hydrogen-bonds, which is substantially more mechanically stable than the
serial bond breaking observed in the force-unfolding of RNA hairpins.
Stacking interactions with adjacent, unpaired adenine bases further stabilize
the complex by increasing the repair rates for partially broken base-pairs.
These stacking interactions are also prominently featured in the transition
state, which requires additional coordinates orthogonal to the end-to-end ex-
tension to be uniquely identified. Our findings can be extended to explain
the peculiar sequence-stability relationships of the 6 base-pair HIV-1 DIS
kissing-loop.
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Measuring the fast collapse of RNA molecules can elucidate the first steps
of RNA folding. The P5abc sub-domain of the Tetrahymena ribozyme is an
example of an RNA molecule that folds rapidly following the addition of
Mg2þ ions. We studied changes in truncated-P5abc (tP5abc) RNA as reported
by Forster Resonance Energy Transfer (FRET) in a microfluidic mixing de-
vice using confocal microscopy. With sub-millisecond time resolution, we
measured the ion species and valence dependent collapse timescales of
tP5abc. In this presentation, we discuss differences between collapse times
of tP5abc and those of a mutant which does not fully fold in the presence
of magnesium ions. We also discuss experimental issues that arise when using
an internally labeled fluorophore to report changes in RNA conformation. To
account for changes in the FRET efficiency we consider results of fluores-
cence anisotropy measurements, as well as fluorescence correlation spectro-
scopy measurements.
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The RNA homopolymer poly(A) forms single-stranded helices due to base-
stacking, the mechanical properties of which may affect the biological function
of naturally-occurring A-repeat sequences. Since RNA is a polyanion, screen-
ing and binding by cations enhances this helix formation by shielding charges
along its backbone from each other.
The poly(A) single helix may be disrupted by application of tension, as by
optical tweezers, allowing the energetics of helix formation to be estimated
in addition to the mechanical properties of the helical and randomly-coiled
states.
Using optical tweezers, we measured the force-extension behavior of poly(A)
under a variety of buffer conditions, finding that the effect of sodium is con-
sistent with Debye screening but that magnesium and other Group II cations
are likely to be binding and forming inner-sphere (direct) contacts with
poly(A), stabilizing the helix more than would be expected for screening
alone. The mode of binding appears to be dependent on cation species, with
distinct differences between binding by strontium and by magnesium and
calcium.
To obtain quantitative information from these force-extension measurements,
we have developed a new model for the force-extension behavior of poly(A)
and similar helicogenic polymers, which unlike previous models takes into ac-
count Debye screening effects and the semiflexible nature of the helical state.
Fitting this model to our data, we obtain estimates of helix formation energiesand find evidence that magnesium binding distorts the poly(A) single helix into
a mechanically distinct state.
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In this research we study the thermodynamic and kinetic properties of transla-
tionally acting adenine riboswitches using single molecule spectroscopy. In
general, adenine riboswitches are capable of switching conformations between
states ‘‘on’’ (e.g., adenine bound aptamer folded) or ‘‘off’’ (e.g., repressor hair-
pin folded) for gene expression.
In our single molecule experiments we find that, around in vivo adenine con-
centrations, the ‘‘on’’ and ‘‘off’’ states can coexist in thermal equilibrium;
whereas at low or saturating adenine concentrations, the equilibrium states
are ‘‘off’’ or ‘‘on’’, respectively.
Importantly, however, we find long lifetimes in the range of tens of minutes for
both the ‘‘on’’ and ‘‘off’’ states (i.e., lifetimes much longer than typical mRNA
degradation times in bacteria) such that the riboswitch conformation may be
effectively trapped. These long lifetimes for the ‘‘on’’ and ‘‘off’’ states are
incompatible with cell cycle times, suggesting that the ‘‘first fold’’ in newly
transcribed riboswitches could be an important determinant of translational
control in these riboswitches.
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Rapid and accurate assembly of the ribosome is a fundamental requisite for cel-
lular functions. Ribosome assembly is a complex but highly selective and co-
ordinated process of RNA folding induced/accompanied by binding of
ribosomal proteins. Cryo-EM and footprinting studies have provided the hier-
archical map of the assembly and molecular details of the folding pathways.
Yet, the dynamics during ribosome assembly, despite their potential impor-
tance in selectivity and coordination, are not well understood. Using single
molecule fluorescence resonance energy transfer, we could reveal an early
phase of ribosome assembly dynamics by focusing on the 5’ RNA domain of
the small subunit. The RNA alone is highly dynamic and exhibits heteroge-
neous fluctuations. In particular, helix 3 undergoes extensive movement consis-
tent with its switching mechanism proposed earlier based on footprinting data.
Binding of the protein S4 reduces fluctuations but not completely, and binding
of additional proteins further suppresses fluctuations and reduces heterogeneity
as well. Interestingly, S4 protein binds to one conformation preferentially be-
fore switching to the other conformation that dominates in equilibrium, sup-
porting the induced fit mechanism of S4 binding to RNA. Extending our
approach to multiple colors should reveal the coordinated interplay of RNA
folding and conformational dynamics with successive binding of proteins dur-
ing ribosome assembly.
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Structured RNA molecules are involved in numerous cellular processes
that depend on the unique native structure. On the other hand, RNA chains
are prone to misfolding due to their rugged energy landscapes. How do natural
RNAs avoid local energy minima and fold specifically to the native
conformation?
We addressed this problem by studying the role of native tertiary interactions in
the folding of the Azoarcus group I ribozyme. Previous small angle X-ray scat-
tering (SAXS) and pre-steady state activity showed that thermodynamic coop-
erativity between tertiary interactions emerges in folding intermediates, earlier
than expected. Furthermore, these results indicated that native tertiary interac-
tions in the core and periphery of the structure form concomitantly and suppress
non-native folds.
646a Wednesday, February 29, 2012To investigate how the evolved architecture of the ribozyme leads to coopera-
tive folding, we studied the equilibrium folding of wild type and mutant
ribozymes at single residue resolution using hydroxyl radical footprinting.
The results confirmed the collapse transition of the wild type ribozyme is
specific, producing native-like interactions. Footprinting experiments on
mutants lacking one or more tertiary contacts showed that perturbations to
the network of tertiary interactions change the outcome of the initial collapse
transition, increasing the population of non-native intermediates. For instance,
weakening the central triple helix changed the assembly pattern of the three
helical domains and impaired docking of the substrate binding domain with
the rest of the structure. Perturbation of a peripheral interaction, on the other
hand, caused partial misfolding of the active site after the initial collapse.
Our results suggest that natural selection of architectures conducive to cooper-
ativity in the collapse transition may be a general mechanism to ensure folding
specificity in evolved RNAs.
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Small regulatory noncoding RNAs (sRNA) are evolutionarily conserved mol-
ecules that act by base pairing with mRNAs in response to environmental
stress. They can affect cell physiology in numerous ways, including changes
in cell morphology, remodeling the bacterial cell surface and decreasing growth
rates. These stress-related sRNAs require the RNA chaperone protein Hfq for
their regulatory function. Most of the sRNAs, for which a mechanistic under-
standing is available, act as inhibitors of translation by base pairing with their
mRNA target around the ribosome-binding site (rbs). Nevertheless, there are
also some examples, as in the case of DsrA, where the sRNA plays a role of
both a translational inhibitor of the bacterial actin-likeMreB, and a translational
activator by exposing the mRNA rbs and promoting ribosome binding to rpoS
mRNA (encoding the sigma S transcriptional factor). We recently observed that
the E. coli DsrA sRNA is present in few copies in the bacterial cell. For this
reason, the ability of the sRNA to bind an mRNA and regulate protein transla-
tion can be viewed essentially as a single-molecule process in individual cells,
probably contributing to variation from cell to cell in a population. Our aim is to
analyze the dynamics of DsrA-dependent translation in response to various
stresses at the single molecule level using single-molecule FRET assays.
Dye-labeled synthetic RNA fragments of DsrA and of its targets were used
to follow and quantify Hfq-dependent RNA annealing. The speed and effi-
ciency of annealing are directly influenced by physico-chemical parameters,
such as temperature, and changes in sRNA concentration encountered during
physiological stresses.
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In order to take into account the angular dependence of hydrogen bonding, we
modified some of the effective pair potentials (EPP) that were previously ex-
tracted from a series of crystallographic structures of large RNA molecules.
The new set of EPP were used as the main constituents of a Monte Carlo sim-
ulation model. Our simulated chains are consistent with the experimental struc-
tures obtained by NMR.
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Ribosomes translate messenger RNA
(mRNA) in 3-nucleotide steps, maintaining an open reading frame until a stop
codon is reached. Programmed1 translational frameshifting,whereby the ribo-
some is forced backward by 1 nt to shift the reading frame, occurs in many
viruses. The resulting expression of two proteins from a single mRNA at a fixed
ratio is essential for viral propagation. Frameshifting depends on two mRNA
structures: a slippery sequence and a downstream pseudoknot. Recent work
suggests frameshifting pseudoknots provide greater barriers to unfolding by
the ribosomal helicase (1), likely a function of their increased mechanicalstability. The mechanical stability of a panel of 8 pseudoknots, associated with
different frameshifting efficiencies, was investigated by repeatedly unfolding
and refolding single pseudoknot molecules held under tension by optical twee-
zers. Pseudoknot unfolding was characterized by measuring the associated
molecular contour length changes, unfolding forces, and force-dependent kinet-
ics. Most of the pseudoknots we examined unfold at high force (~30-50 pN).
The corresponding contour length changes were consistent with native pseudo-
knot unfolding. Most often the unfolding occurred in a single step, but for some
pseudoknots the dominant unfolding pathway occurred via a partially-folded
intermediate at lower force (~15-20 pN). Surprisingly, we found no obvious
correlation between frameshifting efficiency and pseudoknot mechanical sta-
bility, indicating that some other property must determine the frameshifting ef-
ficiency. These results extend our understanding of the mechanics of RNA
pseudoknot structure formation, and the relation between pseudoknot folding
and programmed translational frameshifting.
(1) Namy, O., Moran, S.J., Stuart, D.I., Gilbert, R.J. & Brierley, I. A mechan-
ical explanation of RNA pseudoknot function in programmed ribosomal frame-
shifting. Nature 441, 244-247 (2006).
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Transitions between different conformational states may be intrinsic to RNA
catalytic and regulatory functions. In this study, we use Kinetic Monte Carlo
method to investigate the refolding mechanism for the conformational switch
between bistable RNA hairpins. By analyzing the first passage time of each
conformation, we find that there exist three refolding pathways for the hairpin:
the unfolding-folding, the tunneling and the pseudoknot-assisted pathways.
Depending on the location of the rate-limiting base stack and the relationship
between the two bistable hairpins. the competition between the three types of
pathways can lead to a single dominant pathway or multiple dominant path-
ways. The activation energy extracted from the rate-temperature Arrhenius
plot support our refolding pathway analysis and the results are further validated
through comparisons with experimental data.
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Cells transmit and process genetic information using single-stranded RNA
(ssRNA); these molecules realize their function through dynamic structural
changes such as folding, association with binding partners, and conformational
switching. Disordered, un-basepaired states of RNA play a key role in these dy-
namic structural transitions, yet most relevant measurements of single-stranded
oligonucleotides have focused on DNA. Thus, we measure and compare the
conformations of chemically similar ssRNA and ssDNA oligonucleotides lack-
ing secondary structure. SAXS curves and smFRET efficiencies of rU40 and
dT40 in 100mM NaCl are well-described by a simple wormlike chain model.
We detect subtle but significant differences between the contour and persis-
tence lengths of rU40 and dT40 that agree with predictions based on relative
sugar pucker preferences of the two nucleotides. To compare the polyelectro-
lyte properties of ssRNA and ssDNA, we report persistence lengths derived
from smFRET data acquired over a wide range of ionic conditions. We find
that the apparent charge screening efficiency of divalent magnesium is anom-
alously large compared to monovalent sodium in both ssRNA and ssDNA. This
strong interaction between divalent ions and disordered RNA presents an im-
portant problem for polyelectrolyte theory and challenges our understanding
of how ions influence RNA folding.
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RNA is known to be strongly dependent on Magnesium for stability. In this
computational study, we explore the effects of Magnesium concentration on
the SAM I riboswitch with several microsecond-plus simulations at varying
concentrations. Individual Magnesium binding events are shown to influence
the RNA conformation through tertiary bridging interactions. We characterize
the behavior of Magnesium near RNA for use in structure-based models, and
note that it is glassy.
